1. Introduction {#s0005}
===============

Myotonic dystrophy type 1 (DM1) is an hereditary chronic progressive multisystem disorder with autosomal dominant inheritance.([@bb0025]) Clinical features of central nervous system (CNS) involvement in DM1 include cognitive deficits, psychiatric and behaviour disturbances such as apathy, fatigue, and excessive daytime sleepiness. These CNS symptoms are critical determinants of quality of life in DM1, and some may be amenable to treatment. ([@bb0010]; [@bb0070]; [@bb0100]; [@bb0150]) The broad spectrum of clinical CNS involvement in DM1 is corroborated by a variety of structural brain imaging abnormalities that are widely dispersed throughout the brain, with apparently little anatomical specificity.([@bb0040]; [@bb0145]; [@bb0215]) In particular, white matter involvement encompasses a combination increased white matter hyperintensity load and decreased microstructural integrity of white matter based on diffusion tensor imaging (DTI) studies.([@bb0125]; [@bb0285])

Given the exceptionally large clinical variability of the disease, in which the genetic defect exerts heterogeneous downstream effects in virtually all cells of many different tissue types, these diverse and widely dispersed structural imaging changes may come as no surprise.([@bb0080]) Despite the many structural imaging changes, attempts at correlation with neuropsychological performance and other CNS features have given inconsistent results.([@bb0040]; [@bb0125]) Partly, this is explained by the variability of the disease in combination with limited sample sizes.([@bb0140]) Moreover, cognitive and behavioural functions are not strictly anatomically localised in particular brain regions, but have their origin in complex network interactions.([@bb0030]; [@bb0250]) In this respect, structural network analysis of white matter changes may improve understanding of brain dysfunction in complex neurological disorders with diffuse structural alterations, such as DM1.([@bb0210]) Structural connectivity of a network, consisting of brain regions (nodes) and connecting white matter tracts (edges), can be obtained using analysis of DTI followed by tractography.([@bb0265]; [@bb0275]) Graph theory, a branch of modern network theory, can subsequently be used to characterise the properties of the network organisation.([@bb0035]) Previous research in diseases that, like DM1, also have prominent white matter involvement (i.e., cerebral small-vessel disease) showed that white matter network alterations were an independent predictor of cognitive dysfunction and a more sensitive measure than traditional magnetic resonance imaging (MRI) measures.([@bb0105]; [@bb0225]) In this study, we tested the hypothesis that altered white matter microstructural integrity and network organisation was present in a cohort of individuals with DM1 compared to unaffected controls, which was expected to be associated with CNS related disease manifestations of DM1.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

We performed a single-centre, cross-sectional study. Patients were recruited from the Nijmegen subcohort (*n* = 66) of the Observational Prolonged Trial In Myotonic Dystrophy type 1 to Improve Quality of Life- Standards, a Target Identification Collaboration (OPTIMISTIC) study, a randomised trial in DM1 that investigated the effect of cognitive behavioural therapy with optional graded exercise on capacity for activity and participation.([@bb0150]) This study recruited adult, severely fatigued (as defined by a checklist individual strength --fatigue subscale (CIS-fatigue) score ≥ 35) patients that were able to walk independently and had a genetically confirmed diagnosis of DM1; details have been published elsewhere.([@bb0150]; [@bb0240]). We invited patients to participate in the current sub-study, only after they had finished participation in the OPTIMISTIC main study. Specifically for this sub-study, we recruited 26 age-, sex- and educational level matched, unaffected, healthy, controls from the social network of DM1 participants. We excluded relatives unless they had been genetically tested for DM1 and the results of testing were negative.We selected controls from the social network to obtain a good match in terms of intelligence and social situation. Controls were not evaluated for apathy, depression or fatigue with questionnaires. This study was conducted in accordance with the provisions of the Declaration of Helsinki and Good Clinical Practice guidelines and the regional review board (CMO Arnhem-Nijmegen) of our institution approved the study. All participants provided prior written informed consent.

2.2. Study overview and eligibility criteria {#s0020}
--------------------------------------------

Assessment visits took place over two separate days for each participant to reduce the influence of fatigue on (neuropsychological) tests. On the first day, the following variables were recorded: age, sex, educational level according to the Dutch educational system ([@bb0060]) (7-point ordinal scale; 1 = less than primary school, 7 = academic degree). We excluded participants with significant known co-morbidities of the central nervous system that could interfere with neuropsychological or MRI-related outcomes by careful history taking. In addition, we excluded significant (nocturnal) hypoventilation by structured history taking for relevant symptoms (e.g. morning headaches, nightmares, non-revitalizing sleep) and by performing spirometry in supine and sitting position (patients were excluded if functional vital capacity (FVC) showed a difference of ≥20% between supine (lower value) and sitting position (higher value)), or a FVC \<60% of expected in sitting position. Patients with known nocturnal hypoventilation who were stable on non-invasive ventilation were eligible for the study. A family history was taken to exclude any hereditary CNS diseases other than DM1. Following these procedures, participants underwent brain MRI. On the second day, a neuropsychological assessment was administered.

For further characterisation of our DM1 patient cohort, we utilised clinical information previously recorded in the OPTIMISTIC study: apathy (apathy evaluations scale, clinician version (AES-C)), capacity for activity and social participation (DM1-Activ-c), overall disease impact (myotonic dystrophy health index: MDHI), experienced fatigue (checklist individual strength fatigue subscale: CIS-fatigue) and muscular impairment (muscular impairment rating scale: MIRS) ([@bb0150]). In addition, we recorded the disease classification based on the age at onset of symptoms recorded in the OPTIMISTIC study ([@bb0045]).

2.3. Neuropsychological assessment and analyses {#s0025}
-----------------------------------------------

A single neuropsychologist (MvD) administered the neuropsychological assessment for each participant, in a neutral low-stimulus environment. The assessment took approximately 90 min. We selected tests to minimize the influence of motor response as much as possible and to evaluate cognitive function in seven different cognitive domains: abstract reasoning, memory, executive functioning, fluency, attention, visuospatial constructional abilities and psychomotor skill. We estimated premorbid intelligence with the Dutch version of the National Adult Reading Test (NART); abstract reasoning was evaluated with the 12-item short form of the Raven Progressive Matrices (RPM). Episodic memory was evaluated with the Wechsler Memory Scale -- Fourth Edition (WMS-IV), subtests Logical Memory I and II (LMI and II); executive functioning was evaluated with the Trail Making Test (TMT), the Stroop Color Word Test and the Brixton Spatial Anticipation Test. We evaluated verbal fluency with the category fluency test (1-min animal and occupation naming). We assessed attention using the d2 Test by means of the total score on a subtest which corrected for the number of incorrect answers. The Rey-Osterrieth Complex Figure Test(ROCF) was used to evaluate visuospatial constructional abilities and visuospatial memory.([@bb0190]) Finally, we administered the Purdue Pegboard Test as a measure of psychomotor skill.([@bb0220]) For the Pegboard Test, we calculated the mean score of the left and right hand combined. We corrected the scores of some neuropsychological tests to minimize the effects of deficits in motor skill and dysarthria; we used these scores in subsequent between-group and correlation analyses. For the TMT, we recorded the response time and the number of correct answers on parts A and B and for each part calculated a accuracy-speed trade-off score by dividing the accuracy by the response time.([@bb0170]) Then, we calculated the TMT interference score: the accuracy-speed trade-off for TMT B divided by the speed-accuracy trade-off for TMT-A.([@bb0155]) A similar procedure was followed for the Stroop cards I, II and III. The Stroop interference score was calculated by dividing the accuracy-speed trade-off for Stroop card III by the accuracy-speed trade-off for Stroop Card II.([@bb0160]) Both interference scores were used in the analyses to measure executive function. More detailed information about the neuropsychological tests can be found in [@bb0110].([@bb0110])

2.4. MR imaging and analyses {#s0030}
----------------------------

### 2.4.1. MRI acquisition {#s0035}

MRI scans were acquired on a Siemens Magnetom TRIO 3 T scanner (TIM trio, Siemens Medical Solutions, Erlangen, Germany). The protocol included a T1-weighted 3D magnetization-prepared rapid gradient-echo (MPRAGE) imaging (TR/TE = 1900/2.52 ms, flip angle 9°; voxel size 1.0 × 1.0 × 1.0 mm, FOV = 256 mm), a T2 TSE (TR/TE = 3830/125 ms, flip angle = 120°, voxel size 0.6 × 0.6 × 3 mm, FOV = 240 mm), a fluid-attenuated inversion recovery (FLAIR) sequence (TR/TE = 9000/86 ms, flip angle = 150°, voxel size 0.7 × 0.6 × 5 mm, FOV = 240 mm), and a Diffusion Tensor Imaging (DTI) single-shot spin-echo EPI, *b* values 0 and 1000 s/mm^2^, TR/TE = 7400/71 ms, number of encoding directions = 64, FOV = 240 mm, and voxel size 2 × 2 × 2 mm and 8 *b*0 unweighted images. All patients were scanned on the same MR scanner.

### 2.4.2. White matter hyperintensities {#s0040}

White matter hyperintensities (WMH) were evaluated semi-quantitatively by an experienced neuroradiologist (F.M.) blinded for participant information. We defined a WMH as hyperintense signal on FLAIR images with no or slight hypointensity on T1 weighted images. WMH were scored using Fazekas\' and age-related white matter changes scales (ARWMC) and were determined for periventricular, deep and basal ganglia white matter.([@bb0065]; [@bb0245]).

### 2.4.3. DTI processing {#s0045}

First, we denoised the raw diffusion weighted images for each participant using the Local Principal Component Analyses filter. We then preprocessed the diffusion images using an in-house developed Patching ArTefacts from Cardiac and Head motion (PATCH) algorithm to correct for artefacts resulting from cardiac artefacts, head motion, and eddy currents.([@bb0290]) To eliminate echo planar imaging (EPI) distortions, the EPI images were normalized to T1-images only in the phase encoding direction.

We then applied DTIFIT from FSL to estimate the diffusion tensor and basic DTI parameters, including fractional anisotropy (FA), mean diffusivity (MD), axonal diffusivity (AD) and radial diffusivity (RD). The estimated DTI parameters were fed into the tract-based spatial statistics (TBSS) pipeline.([@bb0205]) In short, this procedure creates a common skeleton based on the mean normalized FA image, which represents the core of the white matter tracts. All normalized FA, MD, AD and RD images were projected onto this skeleton using the projections factors. Mean DTI parameters were calculated within the skeleton.

### 2.4.4. Structural network construction {#s0050}

To define network nodes, brain regions were segmented by the automated anatomical labelling (AAL) template, resulting in 45 regions for each hemisphere, excluding the cerebellum.([@bb0230]) Skull-stripped T1 images were non-linearly registered to the Montreal Neurological Institute (MNI) 152 template using Functional MRI of the Brain non-linear registration tool (FNIRT), part of the FSL 4.0.1 tools. The transformation matrix was derived from the registration of *b*0-images to T1 subject space using FLIRT and then used to register the AAL image to each subject\'s diffusion image space. To define network edges, we performed whole brain deterministic tractography. Fibre tracking was undertaken using Diffusion Toolkit (<http://trackvis.org/dtk/>). First, each voxel with a FA value \>0.2 was seeded. Propagation of streamlines was estimated using the deterministic fibre assignment by continuous tracking (FACT) algorithm. This algorithm assumes uniform fibre orientation within voxels and sudden changes in fibre tract orientation at each voxels\' boundaries. Streamlines ended if: (1) fibre tracks left the brain mask, (2) the tracking streamline encountered voxels with FA \<0.2, or if (3) the turning angle exceeded 45°. A network edge (or connection) between two brain regions was assumed if the endpoints of a reconstructed streamline were located within both regions. Network edge was weighted as a function of the product of the number of streamlines between the brain regions and mean FA of the streamlines.([@bb0225]) We normalized edge weighting by the mean region volumes to correct for different sizes of the brain regions and different brain sizes. This procedure yielded an undirected, weighted 90 × 90 connectivity matrix for each individual participant.

### 2.4.5. Graph theoretical analysis {#s0055}

We used the Brain Connectivity Toolbox to compute graph theoretical network measures.([@bb0165]) Calculated network measures included density of a network, defined as the total number of edges in a network divided by the possible number of edges, and average network strength, defined as the mean sum of all weighted edges for every node. To investigate the organisation of a network, we calculated the global and local efficiency. Global efficiency is the average inverse of the shortest path length, which is defined as the minimum number of weighted connections between two regions in a network. Local efficiency for a node is the global efficiency computed on first-degree neighbours of that node. Global efficiency is related to the extent of how well connected the brain regions are, while local efficiency is a measure of how well connected local clusters of brain regions are. To further characterise the constructed structural networks, we estimated the rich club coefficient and compared these between DM1 patients and unaffected controls.([@bb0235]) Rich clubs exist in a network, if certain nodes with a high degree, thus rich in connections, are also more densely interconnected among themselves than lower degree nodes in the network. We calculated the rich club coefficients across a range of degree as the ratio of the sum of the weighted connections between nodes of a certain degree and the sum of weights of the strongest connections in the total network. Next, we normalized the rich club coefficients, by dividing by the rich club coefficients calculated on a set of simulated random networks of equal size and degree distribution, to accommodate the fact that high degree nodes have a higher probability of being interconnected by chance alone. For these normalized coefficients, a rich club organisation was present if the normalized value was \>1, thus larger than the coefficient calculated for the random networks. We designated connections between rich club nodes as rich club connections, connections to rich club nodes as feeder connections and connections between non-rich club nodes as peripheral connections. For each type of connection, we calculated the 'connection strength', a summary measure of connectivity, by summing the edge weights for that type and compared these between DM1 patients and controls.

2.5. Statistical analyses {#s0060}
-------------------------

We used SPSS (Version 22.0. Armonk, NY: IBM Corp.) for all statistical analysis. We evaluated normality using the Shapiro-Wilk test. Between group differences in demographics and neuropsychological performance were evaluated using Chi-Square tests, independent *t*-tests or Mann-Whitey *U* tests, as appropriate. For the neuropsychological evaluation, we controlled the false discovery rate using the Benjamini-Hochberg procedure, with false discovery rate Q set at 0.15.([@bb0120]) For the MRI analyses, we used likelihood ratio tests for between-group comparisons of white matter hyperintensity load. We used analysis of univariate general linear modelling to evaluate differences in tissue volumes, whole-brain DTI parameters, and structural network measures, taking into account age, sex and education level. In the between-group structural network comparison, we evaluated the effect of grey matter volumes by adding them as a covariate in the linear models. For the TBSS analyses, we performed the voxel-wise group comparison between DM1 patients and unaffected control subjects, adjusted for age and sex, and voxel-wise associations between skeletal DTI parameters and cognitive outcome measures within DM1 patients, while adjusting for age, sex and education. For this, we applied permutation-based statistical interference tool for non-parametric approach (number of permutations is 5000) and significant clusters were identified using the threshold-free cluster enhancement with a *p*-value \<.05, corrected for multiple comparisons.([@bb0135]; [@bb0200]) For the structural white matter network analysis, we applied network-based statistics (NBS) to investigate the location of network disruption.([@bb0270]) A two-sample t-test was performed with t-value threshold of 2.4 (corresponding to *p* = .025 uncorrected), number of permutation testing set at 5000 and family-wise error (*p* \< .05) to correct for multiple comparisons. Finally, we performed exploratory analyses to investigate the associations between neuropsychological, genetical and clinical measures with global DTI and network measures in the patient group. We utilised partial correlation, adjusting for age and education level into the model. With regards to neuropsychological test performance, partial correlations were only calculated for tests that showed significant between group differences. Alpha was set at 0.05 (two-sided) for these analyses.

2.6. Data availability {#s0065}
----------------------

The data that have given rise to the results from this trial, are available on request via the corresponding author.

3. Results {#s0070}
==========

3.1. Demographics and clinical characteristics {#s0075}
----------------------------------------------

We included a total of 28 DM1 patients with a mean age of 46.0 \[SD 9.0\] and 26 age-matched unaffected controls with a mean age of 50.1 \[SD 12.6\] ([Table 1](#t0005){ref-type="table"}). There were no statistically significant differences in estimated intelligence and the demographical parameters between groups. As expected, controls performed better on spirometry in comparison with DM1 patients ([Table 1](#t0005){ref-type="table"}). For the MRI analysis, we additionally excluded three DM1 patients because of contraindications to MRI, a total of 25 DM1 patients underwent MRI. Of these 25 DM1 patients that underwent brain MRI, 16 and 9 had been in the standard care and behavioural intervention groups of the OPTIMISTIC study, respectively.Table 1Demographic and clinical parameters.Table 1VariableDM1 patientsUnaffected controlsP-valueSex, no. of men/women13/1515/110.785Age, mean in years ± SD46.0 ± 9.050.2 ± 12.40.167Educational level, mean ± SD5.4 ± 1.05.4 ± 0.70.803Functional vital capacity\* (L), mean ± SD3.3 (0.9)4.4 (1.0)0.0001Estimated CTG progenitor allele length, mean ± SD \^250.12 ± 140.57N/AN/AModal CTG repeat length, mean ± SD\^441.84 ± 210.33N/AN/AAge at onset in years, mean ± SD\^24.1 ± 12.1N/AN/AClinical disease classification, no. (%) of patients with cDM1, iDM1, jDM1, aDM1, loDM10 (0), 1 (4), 12 (43), 12 (43), 2 (7)^\#^N/AN/AAES-c score\^, mean ± SD36.0 ± 7.9N/AN/ADM1-activ-c\^, mean ± SD65.5 ± 15.7N/AN/ACIS-fatigue\^, mean ± SD40.9 ± 7.5N/AN/AMDHI\^, mean ± SD26.4 ± 15.0N/AN/AMIRS score, no. (%) of patients\^: 1/2/3/4/52 (7), 3 (11), 20 (71), 3 (11), 0 (0)N/AN/ABDI-fs\^ score, median \[IQR\]2.0 \[3.0\]N/AN/A[^3]

3.2. Neuropsychological assessment {#s0080}
----------------------------------

The results of the neuropsychological assessment are presented in [Table 2](#t0010){ref-type="table"}. DM1 patients performed worse than controls on the Stroop interference score (0.64 versus 0.70, *p* = .008), the d2 Test total score corrected for false answers (334.0 versus 405.5, *p* = .0005), the ROCF copy (30.0 versus 31.0, *p* = .037), ROCF immediate recall copy-corrected version (0.63 versus 0.74, *p* = .040) and the Pegboard Test (8.3 versus 10.0, *p* = .009). Controlling the false discovery rate using the Benjamini-Hochberg procedure, did not alter the significance of results.Table 2Neuropsychological test results in patients and controls: raw scores, *p*-values and effect sizes.Table 2Cognitive testDir. of scoreDM1 patients Mean (SD) or Median \[IQR\]Unaffected controls Mean (SD) or Median \[IQR\]P-Value[b](#tf0010){ref-type="table-fn"}Effect size[a](#tf0005){ref-type="table-fn"}NART-IQ↑97.2 (15.2)98.7 (17.4)0.7410.1RPM↑8.6 (2.0)9.5 (1.7)0.0830.5LM I↑31.0 \[7.5\]27.5 \[7.0\]0.2020.3LM II↑26.6 (6.1)24.4 (6.2)0.1830.4Category fluency (animals)↑27.4 (5.2)25.9 (7.6)0.4000.2Category fluency (occupations)↑21.2 (4.2)20.9 (6.3)0.8390.1TMT Interference score↑0.39 \[0.11\]0.44 \[0.15\]0.0970.2Stroop Color Word Test Interference score↑0.64 \[0.10\]0.70 \[0.10\]**0.008**[c](#tf0015){ref-type="table-fn"}0.7Brixton Spatial Anticipation Test↓15.5 \[5.5\]15.0 \[9.0\]0.2230.5d2 test (Tn-F)↑334.0 \[86.5\]405.5 \[129.0\]**0.0005**[c](#tf0015){ref-type="table-fn"}1.0ROCF copy↑30.0 \[6.7\]31.0 \[4.3\]**0.037**[c](#tf0015){ref-type="table-fn"}0.7ROCF ir/copy↑0.63 \[0.28\]0.74 \[0.19\]**0.040**[c](#tf0015){ref-type="table-fn"}0.5ROCF dr/copy↑0.65 \[0.27\]0.75 \[0.21\]0.1000.4Pegboard↑8.3 \[5.5\]10.0 \[2.5\]**0.009**[c](#tf0015){ref-type="table-fn"}0.9[^4][^5][^6][^7]

3.3. MRI analyses {#s0085}
-----------------

### 3.3.1. White matter hyperintensities {#s0090}

DM1 patients had higher WMH load expressed as Fazekas scores in the periventricular and deep white matter in comparison to unaffected controls ([Table 3](#t0015){ref-type="table"}). In contrast, no difference were found for WMH in the basal ganglia as determined by the ARWMC scale ([Table 3](#t0015){ref-type="table"}).Table 3MRI analyses.Table 3DM1Unaffected controls*p*-valueWhite matter lesion load[a](#tf0020){ref-type="table-fn"}*N* = 24*N* = 26Fazekas: periventricular white matter2 ± 0.760.92 ± 0.56p \< .0001mean ± SD, score 0/1/2/30 / 7 / 11 / 75 / 18 / 3 / 0Fazekas: deep white matter1.16 ± 0.690.58 ± 0.50*p* \< .0001mean ± SD, score 0/1/2/33 / 16 / 5 /111 / 15 / 0 / 0ARWMC1.6 ± 0.650.54 ± 0.51p \< .0001mean ± SD, score 0/1/2/30 / 12 / 11 / 212 / 14 / 0 / 0ARWMC basal ganglia0.28 ± 0.610.19 ± 0.58*p* = 0.539mean ± SD, score 0/1/2/320 / 3 / 2 / 023 / 1 / 2 / 0Volumetry[b](#tf0025){ref-type="table-fn"}*N* = 23*N* = 26Average grey matter volume -- mean (SD)619.8 (78.9)690.6 (81.8)p = 0.0005Average white matter volume -- mean (SD)453.4 (58.4)465.8 (61.9)*p* = 0.611Average CSF volume -- mean (SD)406.9 (91.7)416.1 (62.4)*p* = 0.660Diffusion tensor imaging[b](#tf0025){ref-type="table-fn"}N = 23N = 26FA -- mean (SD)0.50 (0.02)0.56 (0.02)p \< 0.0001MD -- mean (SD)0.08e^−2^ (0.03e^−3^)0.07e^−2^ (0.03e^−3^)p \< 0.0001Structural white matter networks[b](#tf0025){ref-type="table-fn"}*N* = 22N = 22Density -- mean (SD)0.0985 (0.00537)0.0973 (0.00335)*p* = 0.312Strength -- mean (SD)0.0383 (0.01238)0.0509 (0.00887)p \< 0.0001Global efficiency -- mean (SD)0.0023 (0.00072)0.0031 (0.00053)p \< 0.0001Local efficiency[c](#tf0030){ref-type="table-fn"}−mean (SD)0.0019 (0.00054)0.0025 (0.00041)*p* \< 0.0001[^8][^9][^10][^11]

### 3.3.2. Tract-based spatial statistics {#s0095}

We excluded two additional DM1 patients due to insufficient MRI quality for DTI analysis, thus resulting in 23 DM1 patients and 26 unaffected controls for the DTI analysis. Mean FA was significantly lower in DM1 patients compared with unaffected controls; mean MD was significantly higher in DM1 patients compared with healthy control ([Table 3](#t0015){ref-type="table"}). As shown in [Fig. 1](#f0005){ref-type="fig"}, lower FA values and higher, AD and RD values were found in DM1 patients compared to unaffected controls and were widely dispersed throughout the brain, in projection, association and commissural fibre systems.Fig. 1TBSS results. Differences for FA (red, A), MD (blue, B), between DM1 patients and unaffected controls. For both FA and MD, between-group differences can be seen widely dispersed throughout the brain and present in association, projection and commissural fibre systems (p \< 0.05, corrected for multiple comparisons). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

### 3.3.3. Structural white matter network analyses {#s0100}

In graph theoretical analysis, the structural networks of DM1 patients showed lower network strength, lower global efficiency and lower local efficiency and a similar network density in comparison with controls ([Table 3](#t0015){ref-type="table"}). These results were not altered if grey matter volumes were incorporated as a covariate in the analyses. In NBS analysis, we found a subnetwork of reduced connection strength in DM1 patients (*p* \< .05) compared to controls ([Fig. 2](#f0010){ref-type="fig"}A). The reduced connections are diffusely located, in line with DTI results. Normalized rich club coefficients were \>1 in DM1 and controls and reflect the presence of rich club organisation in both groups. Normalized rich club coefficients were however reduced in DM1 patients compared to controls (*p* \< .001, 10.000 permutations). Group-wise analysis further indicated significantly reduced rich club (RC, *p* = .03), feeder (*p* \< .0005) and peripheral connections (*p* = .001) in DM1 patients compared to unaffected controls. Although visually, there is a trend of more severe reduction in connection strength of rich club connections than feeder or peripheral connections ([Fig. 2](#f0010){ref-type="fig"}B), we found no statistically significant differences in connection strength between the different connection types within the DM1 patient group (RC -- feeder connections (*p* = .50) and RC -- peripheral connections (*p* = .11).Fig. 2White matter networks in DM1 patients versus controls. I. Topological cluster that significantly differed between DM1 patients and unaffected controls (p-value adjusted \<0.05, threshold *t* = 2.4 (corresponding with p-uncorrected 0.025). Networks were projected on the MNI152 standard space template, and visualized from the axial plane in neurological convention using the BrainNet Viewer toolbox in MATLAB.([@bb0260]) a: anterior, p: posterior, r: right, l: left. Panel A: left lateral view. Panel B: Axial view from top. Panel C: right lateral view. II. Connection strength of rich club, feeder and peripheral connections of DM1 patients relative controls. Connections strength in DM1 patients was lower than in controls (see text); there were no statistically significant differences in connection strength between the 3 connection types within the DM1 patient group.Fig. 2

3.4. Correlation analyses {#s0105}
-------------------------

The results of exploratory, age and education corrected partial correlation analyses between whole brain FA, MD, global and local network efficiency and network strength, and neuropsychological tests that demonstrated significant between-group differences resulted in significant associations for the d2 Test and Purdue Pegboard Test, and the ROCF -- copy subtest, with absolute correlation coefficients ranging from 0.458 to 0.554 ([Table 4](#t0020){ref-type="table"}). No other significant correlations between DTI MRI parameters and neuropsychological performance were found. We found no significant correlations between DTI and structural network measures and clinical scales: CIS-fatigue and AES-c. No correlations were found between DTI and structural network measures and estimated CTG repeat expansion size (modal and estimated progenitor allele size). Finally, we found no significant associations between DTI and structural network measures and age at onset after adjustment for age and grey matter volume.Table 4Partial correlations between DTI and network parameters and neuropsychological performance in DM1 patients.Table 4FAMDGlobal network efficiencyLocal network efficiencyNetwork strengthStroop Interference score0.070 (0.770)−0.176 (0.459)0.214 (0.365)0.199 (0.401)0.201 (0.395)d2 Test0.549 (0.012)\*−0.554 (0.011)\*0.535 (0.015)\*0.465(0.039)\*0.548 (0.012)\*ROCF - Copy0.416 (0.068)−0.475 (0.034)\*0.055 (0.817)0.115 (0.628)0.057 (0.811)ROCF - Immediate recall (IR), copy corrected−0.318 (0.172)0.291 (0.213)−0.167 (0.482)−0.174 (0.463)−0.195 (0.409)Pegboard Test0.549 (0.012)\*−0.404 (0.078)0.462 (0.041)\*0.458 (0.042)\*0.482 (0.032)\*[^12]

4. Discussion {#s0110}
=============

In this cross-sectional study, we demonstrate alterations in structural white matter networks in DM1 patients compared to unaffected controls. In comparison to unaffected controls, the networks in DM1 are characterised by reduced network strength combined with reduced global and local efficiency at a comparable network density. Thus, although the number of connections in the network of DM1 patients is not different from unaffected controls, the alterations in efficiency and strength are indicative of differences in structural network organisation. Although the presence of a rich-club (RC) organisation was present in both groups, normalized RC coefficients were reduced in DM1 patients in comparison to controls, signalling weaker connections between these nodes. A weaker connected rich club, the core of the connectome through which many network paths pass, may lead to a longer shortest path length overall within a network and hence, a network that is less integrated and less efficient at the global level.([@bb0050]) Furthermore, our results indicate that not only rich club connections, but also the feeder and peripheral connections have decreased strength in comparison with controls, indicating widespread structural alterations in the white matter networks. These diffuse network changes align with the diverse and anatomically unspecific structural changes in grey and white matter, such as grey matter volume reductions and alteration in white matter tract integrity in the current and in previous studies, as discussed below.([@bb0005]; [@bb0040])

This study on structural white matter networks may be considered in the context of four other DM1 studies evaluating MRI derived brain networks that were recently published (a structured summary of findings is given in Supplemental Table S1). Graph theoretical measures of global and local connectivity in structural grey matter networks in 28 DM1 patients were not different from 28 unaffected controls, although there were regional differences in anatomical hub distribution, indicating topologically different networks.([@bb0215]) Other DM1 MRI network studies in DM1 patients constitute functional resting-state MRI (rs-fMRI) studies, performed by one group of authors (Supplemental Table S1).([@bb0180]; [@bb0185]; [@bb0175]) Graph theoretical network analyses of rs-fMRI did not reveal any changes in global network connectivity measures.([@bb0180]; [@bb0185]) Both studies, carried out in partly overlapping cohorts, did report changes in local connectivity, such as nodal degree and efficiency, across different brain regions.([@bb0180]; [@bb0185]) Although different data sources and analyses methods preclude direct comparisons, these and our network studies together demonstrate that the pathophysiological processes in DM1 consistently lead to changes in both structural and functional networks. They support the view of brain involvement in DM1 as 'a complex network disorder'.

We hypothesized that DTI and structural network measures would be associated with neuropsychological performance, in particular of neuropsychological tests that are often abnormal in DM1 patients such as the ROCF-copy test.([@bb0140]; [@bb0195]; [@bb0255]; [@bb0280]) In our study, out of the five tests that showed group effects, only the test for attention (d2 Test) and motor skill (Purdue Pegboard) are significantly associated with structural network measures. Notably, the correlation coefficients of network-based measures for these tests were not higher than those for the averaged whole-brain FA or MD values. Also, both tests are critically dependent on motor function that is expected to be compromised in DM1. The relative lack of associations between structural white matter network measures and other neuropsychological measures is remarkable, given that white matter network disruptions comparable to those observed in our study have been found to be associated with cognitive deficits in other disorders characterised by white matter damage, such as multiple sclerosis and cerebral small-vessel disease.([@bb0105]; [@bb0115]; [@bb0225]) More than one factor may contribute to the relative lack of associations between network measures and neuropsychological performance in our study. The differences in neuropsychological performance between the patient and control group are relatively small in our sample of DM1 patients. Despite diffuse alterations in brain structure, the brain in DM1 seems to be able to upkeep neuropsychological performance to some extent, possibly as a results of unknown compensatory mechanisms. Furthermore, functional network connectivity or decoupling between functional-structural connectivity, not assessed in this study, might be an important factor determining cognitive performance in DM1 patients.([@bb0185]) Finally, it may be explained by the small sample size and related statistical power issues in comparison to studies in other disorders. Similar reasons may explain the lack of associations between structural white matter network measures and measures of apathy and experienced fatigue.

In the 'conventional' MRI analysis, our results demonstrating increased white matter hyperintensity load and widespread alterations in white matter tract integrity corroborate earlier work and are indicative of widespread involvement of white matter tracts ([@bb0020]; [@bb0125]; [@bb0285]). Possible neuropathological correlates of these white matter changes include loss of axons and/or myelin, capillary hyalinization and fibrillary gliosis, although these is scarce literature on human brain white matter histopathology in DM1.([@bb0075]; [@bb0085]) Future studies should preferably include in vivo white matter imaging combined with post-mortem histopathological observations.

This study has several limitations. We recruited DM1 patients that had previously participated in the OPTIMISTIC trial, who performed relatively well on the neuropsychological assessment, had relatively high levels of education, and were motivated to participate in clinical research. Consequently, the individuals in our study could be argued to be a relatively lesser cognitively affected sample of the DM1 population, as supported effect sizes on neuropsychological tests mostly smaller than those estimated in a recent meta-analysis.([@bb0140]) Generalisability of our findings may also be limited by the selection of DM1 patients in OPTIMISTIC that were severely fatigued as defined by a checklist individual strength fatigue subscale score of ≥35. However, severe fatigue as defined by this criterion occurs in 70% of the DM1 population.([@bb0090]) Furthermore, because of the cross-sectional design of MRI sub-study, we cannot infer possible effects of the OPTIMISTIC behavioural intervention on structural white matter networks. Finally, we did not evaluate controls for depression of anxiety, although these symptoms may have been present as a result of a the emotional and social burden of a chronic disease of a family member or close friend.

The reader should note that TBSS, although a robust method for white matter analysis, may have a less than desired anatomical specificity. The use of the traditional 'mean FA image' method, which discards the directional information of the tensor in the skeleton construction step, may compromise the anatomical specificity of TBSS.([@bb0015]) Construction of the FA skeleton may also be less alignment invariant than assumed and the projection step onto the FA skeleton may also vary in quality, especially in disease states such as DM1, where there are concurrent changes in brain morphology.([@bb0015]; [@bb0095]) These limitations of TBSS necessitate cautious interpretation of results. With regards to the measures of the white matter structural network, these may be dependent on the fibre tracking algorithm and the choice of the anatomical labelling to define network nodes, as well as on network density.([@bb0055]) It would be interesting to see if probabilistic and deterministic fibre tracking algorithms provide similar results on structural networks. Future research may include the cerebellum, which is of potential interest in DM1 ([@bb0130]); it was excluded in the current study as the deterministic tracking algorithm we utilised is potentially less accurate with cerebellar connections.Furthermore, network-based statistics may be influenced by the choice of the threshold, as explained previously.([@bb0270]) Finally, the correlation analyses should be considered exploratory given the undertaking of a large number of statistical tests. The findings in the current study therefore warrant independent replication in further studies. Future imaging research in larger (multinational) clinically and/or genetically stratified DM1 cohorts with a prospective design could combine structural and functional imaging techniques and incorporate possible clinical correlates not evaluated here, such as personality traits and psychiatric symptoms.
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